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ABSTRACT
During bisulfite genomic sequencing projects
large amount of data are generated. The Bisulfite
sequencing Data Presentation and Compilation
(BDPC) web interface (http://biochem.jacobs-
university.de/BDPC/) automatically analyzes bisul-
fite datasets prepared using the BiQ Analyzer. BDPC
provides the following output: (i) MS-Excel compa-
tible files compiling for each PCR product (a) the
average methylation level, the number of clones
analyzed and the percentage of CG sites analyzed
(which is an indicator of data quality), (b) the meth-
ylation level observed at each CG site and (c) the
methylation level of each clone. (ii) A methylation
overview table compiling the methylation of all
amplicons in all tissues. (iii) Publication grade
figures in PNG format showing the methylation
pattern for each PCR product embedded in an
HMTL file summarizing the methylation data, the
DNA sequence and some basic statistics. (iv) A
summary file compiling the methylation pattern of
different tissues, which is linked to the individual
HTML result files, and can be directly used for
presentation of the data in the internet. (v) A con-
densed file, containing all primary data in simplified
format for further downstream data analysis and
(vi) a custom track file for display of the results in the
UCSC genome browser.
INTRODUCTION
DNA methylation encodes additional information on the
DNA in the form of methyl groups covalently attached
to the C5 position of cytosine. In mammals, the meth-
ylation of cytosines occurs at cytosine–guanine dinucleo-
tides (CG-sites) in a cell type and tissue-speciﬁc pattern
(1,2). Methylation of the DNA works in concert with
other epigenetic marks like histone modiﬁcation (3) in
the regulation of gene expression and development.
In general, DNA methylation of gene promoters silences
gene activity (2). It is involved in X-chromosome inactiva-
tion, genomic integrity, cell development and diﬀerentia-
tion (4). DNA methylation is essential for mammalian
development, because in mice deletion of any of the
known active DNA methyltransferase leads to embryonic
lethality or developmental abnormalities and early death
(5,6). Abnormal DNA methylation is linked to cancer
development and other diseases (7,8).
After complete sequencing of the human genome, the
decoding of the epigenome, which contains the blueprint
for the activity of genetic elements has come into the focus
of research attention. Recently, human (9) and the
Arabidopsis (3) DNA methylation was studied genome
wide using immunoprecipitation of DNA by antibodies
directed against methylcytosine in combination with array
technology. In addition, DNA methylation in human chro-
mosomes 6, 20 and 22 gene promoter regions was studied
in detail by bisulﬁte genomic sequencing (10), which is
the standard method for analysis of DNA methylation,
because it provides a reliable and detailed picture of the
methylation state of the DNA. Speciﬁc techniques are
needed to study DNA methylation, because the informa-
tion about the methylation status of DNA is lost during
in vitro DNA ampliﬁcation and cloning. After sodium
bisulﬁtetreatment, methylatedandunmethylated cytosines
can be discriminated, because unmethylated cytosines are
converted into uracil whereas methylated cytosines remain
as cytosine (11–13). The workﬂow of a bisulﬁte sequencing
experiment consists of the design of primers speciﬁc for
converted DNA that usually do not contain CG-sites, and
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analysis of individual DNA molecules by sequencing of
sub-cloned PCR products provides the most reliable and
detailed information about the methylation state of each
CG-site. Therefore, in most cases the next steps are sub-
cloning of the PCR products and sequencing of several
individual clones to generate a statistically signiﬁcant data
set (the workﬂow is described in detail in 14).
For analysis of sequencing results from bisulﬁte con-
verted DNA, the experimental sequences are aligned to the
in silico converted genomic target sequence. This step is
facilitated by the BiQ Analyzer software (15), which is
a very popular program for initial analysis of bisulﬁte
sequencing results. BiQ analyzer uploads the target
sequence and an arbitrary number of sequences of
subcloned PCR products, creates the alignment, guides
the user through each step of the analysis and stores the
alignment and the results in an HTML ﬁle. However, the
BiQ Analyzer only works for individual PCR products and
creates one separate output ﬁle for each PCR product such
that it cannot assist further data analysis and compilation.
Medium or large-scale projects accumulate large
amounts of data, because DNA methylation is usually
studied at many genomic sites in several biological
samples. In this article, we assume that DNA methylation
is analyzed in diﬀerent tissues or biological samples, which
we abbreviate here as ‘tissue’. Diﬀerent sets of primers
are used for analysis of the methylation of diﬀerent
genomic regions called ‘amplicons’. The same amplicon
can be studied in diﬀerent tissues. Thereby, diﬀerent PCR
products of the same amplicon type are generated. Conse-
quently, methylation data of a large number of PCR
products have to be studied and the results integrated,
analyzed and presented. Often, the methylation data for
PCR products of the same amplicon need to be compared
to detect methylation diﬀerences between tissues. Further-
more, general statistics comparing results of all PCR
products are required and, for data presentation, publica-
tion grade representations of the methylation pattern
together with linked and publication ready HTML ﬁles for
data presentation in the internet are needed.
RESULTS AND DISCUSSION
The Bisulﬁte sequencing Data Presentation and Compila-
tion (BDPC) web interface supports the compilation,
analysis and presentation of bisulﬁte DNA methylation
data of any degree of complexity ranging from small-scale
exploratory data sets to large-scale methylome projects
(http://biochem.jacobs-university.de/BDPC/). The pro-
gram supports data presentation by preparing publication
grade ﬁgures showing the methylation pattern of each
PCR product and preparing a set of linked HTML ﬁles for
internet data presentation. It provides a data summary
for each PCR product, diﬀerent result compilation ﬁles
and supports further in depth analysis by preparing a
condensed output ﬁle, which contains all primary data.
The BDPC software is written in PHP. The source code
of the program is available on request. It is designed to
analyze and compile BiQ Analyzer result ﬁles, which
provides the results in the form of separate HTML output
ﬁles, one for each PCR product. Data ﬁles prepared man-
ually or with other software can be compiled using BDPC
as well, if the data are provided in the BDPC compatible
format as explained in Figure 1. For uploading, the data
ﬁles have to be named with the amplicon name and stored
in one folder for each tissue, respectively. The folder name
is used by BDPC and interpreted as the tissue designation.
Optionally, the user may provide the chromosomal loca-
tions and coordinates of the amplicons as additional
Figure 1. BDPC compatible data format. For uploading to BDPC, a data ﬁle needs the information shown in bold. The example ﬁle can be
downloaded from the BDPC website in the ‘Example ﬁles’ area. For presentation purpose here line numbering is used, which must not be done in the
data ﬁles. The phrases in lines 2 and 7 are mandatory and must be written exactly as shown here. The lines 3 and 4 can be used for numbering
the CG-sites, line 5 to give the sequence analyzed. This information will be carried over into the BDPC output ﬁles. In line 8 the ‘[2]’ is mandatory,
whereas for the following lines two squared brackets are suﬃcient. From line 8 on, the results are organized in such a way that each column
represents a CG-site and each line the sequencing result of an individual clone. In the results, the ‘1’ represents a methylated CG-site, the ‘0’ an
unmethylated CG-site and the ‘x’ a CG-site which is not present. The data is separated with tabs. The HTML tags in line 1 and 21 are not required.
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a UCSC custom track ﬁle. The format of this ﬁle is
described in the BDPC online manual. The folders
(together with the additional information ﬁle) need to be
compressed into one single ﬁle using the ZIP standard
format (http://www.pkware.com/) and uploaded.
Figure 2 gives an overview of the role of BDPC in the
workﬂow of a bisulﬁte DNA methylation study and the
result ﬁles provided after analysis. BDPC can compile
datasets of large sizes. Internally, we have processed data
sets comprising more than 1000 result ﬁles without diﬃ-
culties. Here, as an example, we illustrate the application
of BDPC on a relatively small dataset comprising ﬁve
independent amplicons, which cover the transcriptional
start site of the human FAM3B gene as shown in Figure 3.
These amplicons were analyzed in the DNA of four
Figure 2. Workﬂow of bisulﬁte genomic sequencing analysis using BDPC. (A–C) Initial analysis of sequencing data is done using the BiQ Analyzer (A).
The data are organized in folders (B) and uploaded to BDPC for analysis and data compilation (C). Afterwards the results can be downloaded in one ZIP
ﬁle and extracted locally. (D) BDPC generates the following ﬁles: 1) The amplicon overview ‘summary.html’ ﬁle linked to the primary result HTML ﬁles
with embedded pictures, 2) the ‘downstream.txt’ ﬁle compiling all primary data in one ﬁle, 3) the ‘results_methylation_cg_sites.csv’ ﬁle, 4) the ‘results_
methylation_clones.csv’ ﬁle, 5) the ‘results_methylation_summary.csv’ ﬁle, 6) the ‘results_methylation_overview.csv’ table comparing the methylation
results of all amplicons in all tissues and 7) the ‘ucsc_upload.txt’ ﬁle. (E) For each individual PCR product, a presentation ready HTML ﬁle is generated,
thatcontains:1)ThesequenceanalyzedwithnumberedCG-dinucleotides.2)TheDNAmethylationstatusofeachCG-dinucleotidevisualizedgraphically.
Here each column corresponds to one CG-site analyzed in the PCR product. Each row represents one subcloned PCR product. Methylated CG-
dinucleotidesarepresentedasaredsquare,unmethylatedasabluesquareandCG-dinucleotides,whicharenotpresentareindicatedinwhite.3)TheDNA
methylation summary over all clones and statistics of the presence of CG-dinucleotides. 4) The average methylation level for each CG-site presented in
a color-coded picture. 5) The average methylation for each subcloned DNA molecule presented in a table.
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a Fibroblast cell line and Leukocytes. The sequencing
results were analyzed with BiQ Analyzer and the result
ﬁles were edited manually if necessary. Next, the result
ﬁles were arranged as described earlier and shown in
Figure 2, compressed in one ZIP ﬁle and analyzed using
BDPC software.
After analysis, the results can be downloaded in ZIP
format. BDPC provides the following ﬁles:
(i) One summary ﬁle that gives for each PCR product
the amplicon name, the tissue analyzed, the overall
DNA methylation percentage, the number of clones
analyzed and the percentage of CG positions
analyzed (‘results_methylation_summary.csv’).
(ii) A formatted overview table, which allows direct
comparison of the average methylation levels of
each amplicon in each tissue (‘results_methylation_
overview.csv’).
(iii) One ﬁle giving the average methylation of each CG
site for each PCR product (‘results_methylation_
cg_sites.csv’). Here, a threshold is implemented,
such that only averages are calculated, if at least
ﬁve results are available for the respective CG site.
Figure 2. Continued.
Figure 3. Display of BDPC results in the UCSC genome browser. Here, the position 41 609 300–41 612 500 of the NCBI36 assembly of human
chromosome 21 is shown. The picture was generated by uploading the ‘ucsc_upload.txt’ ﬁle as a custom track at http://genome.ucsc.edu/cgi-bin/
hgGateway. From top to bottom the ﬁgure shows methylation levels for diﬀerent amplicons for HEK293, Leukocytes, Hep-G2, and Fibroblast. The
arrows in the annotated PCR product indicate the DNA strand targeted for DNA methylation analysis. The overall DNA methylation level of the
products is indicated by color: 0–20% is colored blue, 20.01–40% cyan, 40.01–60% yellow, 60.01–80% orange and 80.01–100% red. In addition, the
GC-percentage, the RefSeq gene annotations, the annotated CpG-Islands and the repetitive sequence elements are displayed.
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(iv) One ﬁle which contains the average methylation of
each individual clone for each PCR product
(‘results_methylation_clones.csv’).
(v) One primary data HTML ﬁle for each PCR
product that contains the amplicon name, the
tissue analyzed, the overall DNA methylation per-
centage and the methylation observed at each CG
site, which is presented in a condensed picture in
PNG format that can be directly used for data
presentation.
(vi) A summary HTML ﬁle comparing the methylation
pattern obtained with each amplicon in the diﬀer-
ent tissues (‘summary.html’). The ﬁgures in this ﬁle
are directly linked to the HTML ﬁles showing
the individual results as described in (v). This ﬁle
system can be used for immediate data presenta-
tion in the internet.
(vii) A custom track ﬁle for direct uploading of the
results in the UCSC genome browser (‘ucsc_
upload.txt’) (Figure 3).
(viii) One condensed data ﬁle collecting all primary data
in simpliﬁed format to make the data accessible for
later downstream analysis (‘downstream.txt’).
In summary, BDPC provides a useful resource for
analysis of bisulﬁte DNA methylation data. BDPC does
not only simplify the presentation and compilation
procedure, but it also improves the analysis, because
calculation of the overall methylation percentage con-
siders whether a CG was found in the original sequencing
run. In addition, the methylation state of a CG site is
identiﬁed as ‘not determined’ if <5 clones contained data
for this site. These features are important in case of poor
data quality and presence of genetic polymorphisms.
Evaluation of data quality is also assisted by the compi-
lation of the overall coverage of CG sites for all PCR
products provided in the ‘results_methylation_summary.
csv’ output ﬁle.
Examples of the application of BDPC output ﬁles are
listed below:
 The average data can be directly used for comparison
of the methylation states of individual CG sites in
the diﬀerent tissues and to compute P-values for the
signiﬁcance of diﬀerences observed between two tissues
by applying the statistics of a binomial distribution.
Also, these data can be used to display methylation
proﬁles for individual amplicons (Figure 4A).
 The methylation levels of individual clones can be used
directly to compare the methylation of diﬀerent tissues
(Figure 4B). Also, they can be used for pair wise
comparison of the methylation pattern of diﬀerent
tissues by t-test as shown in Figure 5. This procedure
is accurate if both tissues show a unimodal distribu-
tion of methylation levels. In case of a bimodal
distribution of at least one tissue, a simple t-test might
not detect methylation diﬀerences although they are
statistically signiﬁcant.
 As mentioned above, the UCSC upload ﬁle can be
used to display the methylation data in the UCSC
genome browser (Figure 3).
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Figure 5. Pair wise comparison of methylation data obtained for the FAM3B_3 and FAM3B_4 amplicons in diﬀerent cell lines and tissues.
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(in the green shaded part). In the table, the pairwise diﬀerences of the methylation levels ( in percentage) in diﬀerent tissues and the P-values of the
statistical signiﬁcance of the diﬀerences are listed. P-values indicating no signiﬁcant diﬀerence are colored red. The diﬀerences in the methylation
levels were calculated using the methylation data given in ‘results_methylation_summay.csv’. The P-values are calculated using the methylation levels
of individual clones (provided in ‘results_methylation_clones.csv’) using a two-ﬂanked t-test for samples with diﬀering variance.
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